Electric control of magnetism is a prerequisite for efficient and low power spintronic devices. More specifically, in heavy metal/ ferromagnet/ insulator heterostructures, voltage gating has been shown to locally and dynamically tune magnetic properties like interface anisotropy and saturation magnetization. However, its effect on interfacial Dzyaloshinskii-Moriya Interaction (DMI), which is crucial for the stability of magnetic skyrmions, has been challenging to achieve and has not been reported yet 1 arXiv:1804.09955v2 [cond-mat.mtrl-sci]
for ultrathin films. Here, we demonstrate 130% variation of DMI with electric field in Ta/FeCoB/TaO x trilayers through Brillouin Light Spectroscopy (BLS). Using polarMagneto-Optical-Kerr-Effect microscopy, we further show a monotonic variation of DMI and skyrmionic bubble size with electric field, with an unprecedented efficiency. We anticipate through our observations that a sign reversal of DMI with electric field is possible, leading to a chirality switch. This dynamic manipulation of DMI establishes an additional degree of control to engineer programmable skyrmion based memory or logic devices.
Topologically non trivial magnetic structures called skyrmions 1 were initially discovered in bulk crystals like MnSi and FeGe at low temperature. orbit torque has been demonstrated, which is very promising for spintronic applications.
4,5
Moreover, skyrmions can be locally and dynamically controlled by electric field through voltage gating. 9, 10 This effect could advantageously be used in low power devices, as demonstrated in other spintronics devices. 11, 12 Owing to the short screening length in metals, electric field mainly affects the FM/I interface. It induces a rapid charge re-distribution and thus an immediate modification of interfacial magnetic properties. However for long duration application of voltage, additional phenomena such as ion migration or charge trapping may occur, which produce slower but usually stronger effects.
13,14
The recent experimental demonstrations of electric field induced creation and annihilation of skyrmions at room temperature 9,10 has been mainly attributed to a tuning of the interface anisotropy and saturation magnetization. During the accumulation of the spectra (4h), constant voltage is applied on a 150 × 800µm 2 transparent ITO electrode and a magnetic field H is applied to saturate magnetization along z. (b) p-MOKE microscopy images of (left) thermally activated demagnetized stripe domains that transform into (right) skyrmionic bubbles on the application of small out of plane magnetic field (30µT).
In this letter, we report a large variation (130%) of interfacial DMI by voltage gating using Brillouin Light Spectroscopy (BLS). Moreover, with additional polar-Magneto-Optical-KerrEffect (p-MOKE) microscopy, we performed a complete study of long and short time scale effects of electric field on DMI and evaluate their respective efficiencies.
Our sample consists of Ta(3)/FeCoB(0.9)/TaOx(1) (thicknesses in nm) trilayers deposited by sputtering such that the top Ta is slightly underoxidized (see suppl S1). It is then partially covered by an insulator (HfO 2 ) and a transparent electrode to allow optical observation under voltage (Fig 1a) . By p-MOKE microscopy, at zero magnetic field, we observe a spontaneous room temperature thermal demagnetization which leads to stripe domain formation, as shown in Fig 1b. The stripes transform into skyrmionic bubbles on applying a small out of plane magnetic field (30 µT) (details in suppl S1). The uniform motion of these bubbles under applied current by spin-orbit torques confirms their non trivial topology and hence their skyrmionic nature (see suppl S2): when the domain walls are chiral Néel type, ie. the magnetization always rotates clockwise (or anticlockwise depending on the sign of DMI), the torque changes sign from one edge of the bubble to the other. As both magnetization inside the wall and torque change sign on opposite edges of the bubble, it results in a motion of the edges in the same direction, which thus leads to a uniform motion of the bubble, without distortion. The frequency difference ∆f between Stokes (f S ) and anti-Stokes (f AS ) peaks ∆f =| f S | − | f AS | is determined from the Lorentzian fits. For a gate voltage of -10V, we observe a significant change of the BLS spectrum, corresponding to 140% increase of ∆f . By contrast, a very small change in ∆f is observed for +10V (see Fig 2b) . Similar non-linearity with voltage has often been reported in studies of electric field effect on interfacial anisotropy.
11,13
Since data acquisition for BLS lasts several hours, the electric field effect measured here corresponds to long time scale phenomena. We recover the 0V spectrum (see suppl S3) after the -10V and +10V measurements indicating complete reversibility of the involved mechanisms.
Interfacial DMI energy D is directly determined from ∆f using: ∆f = This result could thus validate the existence of Rashba-DMI at FM/oxide interfaces and its large sensitivity to electric field.
To further explore the influence of electric field on magnetic parameters like anisotropy and exchange, we have studied magnetic domain configuration using p-MOKE microscopy on the same sample at different applied voltages. To be able to compare with the BLS measurements we performed p-MOKE measurements over long time scales (4 hours). Like in the case of BLS, we recovered the initial magnetic parameters at 0V after the measurements under voltage, once again confirming the reversibility of the effects. However irreversible changes in the magnetic properties were also observed for higher voltages applied for a long time (see suppl S3).
We see in Fig. 3c (left) that at zero magnetic field and zero applied voltage, stripe domains are identical both below and outside the electrode. The spontaneous thermal demag-netization results in high nucleation density and domain wall mobility. The stripe domains are hence close to their lowest energy state. By measuring their equilibrium width L eq at different voltages, the corresponding domain wall energy σ W can be extracted using: In view of applications, it is crucial to study the dynamic change of interfacial DMI with voltage at shorter time scales. We hence performed p-MOKE microscopy by applying voltages for a few minutes. At these durations, contrary to long time scale observations, L eq and σ W vary monotonically with voltage, as represented in Fig 3 b . This highlights the difference in the electric field effect mechanisms for the two time scales. This monotonic trend was qualitatively observed for short time scales on all electrodes that we have measured on this sample and also on an equivalent one from another wafer.
In order to extract DMI variation under voltage at short time scales we also measured the variations of H k and M s (see suppl S5) which were found to be below 12% and 6%
respectively in the range of ± 20V. They both decrease (increase) with negative (positive)
voltages which is in agreement with other studies. 12 Since we show that the variation of M s is small, we consider exchange stiffness A to be constant in this voltage range (see supp S6).
The DMI variation with voltage at short time scale is then extracted, as plotted in Fig 3e. The electric field efficiency at negatives voltages β DM I = ∆D/E is twice larger for long K s is high whereas the absolute value of DMI is low.
We now propose tentative explanations for these behaviors. For short time measurements, negative electric field would add up to the Rashba field (thus increasing the DMI), while a positive one would partially compensate it. 36 Therefore we propose that the large DMI sensitivity to gate voltage can be explained by the Rashba-DMI contribution originating from the FeCoB/TaOx interface.
We further suggest that the stronger amplification of DMI at negative voltage for long time scale is related to the additional effect of oxygen migration towards the FeCoB/TaOx interface. Since the FM/I interface is slightly underoxidized (see suppl S1), this ion migration results in a more optimally oxidized interface reinforcing the Rashba-field. However, for positive voltages, the DMI evolution at long time scale is more complex to analyze. The shift of the oxidation front away from the FM film, may strongly alter both the Rashba field and any charge effect via changes in crystalline and orbital structures. Similarly, the voltage induced variation of anisotropy due to ion migration was observed to be asymmetric in other systems and strongly dependent on the location of the oxygen front (described in the supplementary material of Bauer et al. 13 ). As both the anisotropy and DMI stem from spin orbit coupling at this interface, this scenario could explain a similar behavior versus voltage for DMI in our system.
To study the effect of voltage tuning of DMI on skyrmionic bubbles size and density for short time scales, we use p-MOKE (Fig 3d) : for negative voltages (-20V) the skyrmionic bubbles under the electrode show a higher density and a 50% smaller size as compared to 0V.
These observations follow the evolution of the stripe domain width at short time scale (Fig   3c) . Such a behavior was previously shown by us in Pt/Co/AlOx system. Additionally, an approach through Ar + irradiation has also been employed to locally control the sign of DMI. 40 Here we put forward the possibility of controlling the DMI sign both locally and dynamically through voltage gating.
To further investigate the effect of this DMI sign reversal, we performed both analytical calculations and micromagnetic simulations. In the analytical model, the chirality is introduced by calculating the average domain wall energy as previously explained. Any inhomogeneities in domain wall structure or any non circular shape domain is thus not taken into account. Consequently, in order to access the internal domain wall structure and the exact domain shape, we further performed micromagnetic simulations using Mumax3 41 (see suppl S7) with similar magnetic parameters (Fig 4b,c) 
Methods
Samples: The Ta(3)/FeCoB(0.9)/TaOx(1) (thicknesses in nm) trilayers have been deposited by magnetron sputtering on thermally oxidized Si wafer. To observe electric field effect on these skyrmionic bubbles, a thick (60nm) insulator of HfO 2 was deposited by Atomic
Layer Deposition to prevent current flow through the barrier over wide lateral sizes. This is followed by sputtering of transparent Indium Tin Oxyde (ITO) film which is further patterned into electrodes of several tens µm lateral size. This electrode allows performing both BLS and p-MOKE microscopy under an applied voltage.
BLS:
The magnetic field is applied perpendicular to the incidence plane allowing the probing of spin waves propagating in the plane perpendicular to the applied magnetic field in the Damon-Eshbach (DE) geometry, as represented in fig 1a. The applied magnetic field is above the saturation field of the sample as determined from magnetometry loops. The frequency shift in the Stokes and Anti-Stokes resonances is analyzed using a 2x3 Fabry-Perot interferometer (3-300 GHz) and is calculated by ∆f =| f S | − | f AS |. Calibrations were done to remove any offset. 43 The laser spot of 100µm in diameter was focused on the electrode which is connected to the voltage source. The spin wave vector is given by k sw = 4πsin(θ inc )/λ where θ inc = 60
• is the angle of incidence and λ = 532 nm the wavelength of the incident laser. We have measured spectra for 0, -10V and +10V applied voltage for a counting time of 4 hours.
Supporting information
Optimization of material parameters to get skyrmionic bubbles. Motion under current 
